Abstract
24.6% during subsequent hypoxic states (18% and 15% FiO2 respectively). We discuss the 23 design and performance of our multispectral imaging system, and the future scope for extending 24 this oximetry technique to quantification of hypoxia in inflamed tissue.
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Introduction 31 32
Tissue hypoxia is associated with inflammation in a range of diseases (Eltzschig & Carmeliet, 2011) , 33 including rheumatoid arthritis (RA) (Taylor & Sivakumar, 2005) , and inflammation of the central 34 nervous system such as occurs in multiple sclerosis (MS) (Davies, et al., 2013 ) (Desai, et al., 2016) .
35
Multispectral imaging (MSI) has become established as a method for oximetry with a diverse variety 36 of in vivo applications, including non-invasive retinal oximetry (Mordant, et al., 2011; Choudhary, et 37 al., 2013) , ocular microvascular oximetry (MacKenzie, et al., 2016) , and investigation of tumour 38 hypoxia in mouse models (Sorg, et al., 2005) . The principle of MSI oximetry is based upon the oxygen-39 dependent optical absorption of haemoglobin -the dominant absorber of light in blood. Figure 1 shows 40 the molar extinction coefficients of oxygenated and deoxygenated haemoglobin (values from Prahl, 41 1999).
42
Vascular oximetry using MSI involves estimation of the absorbance of blood vessels at various 43 oxygen-insensitive (isosbestic) and oxygen-sensitive wavelengths. Optical density can be empirically 44 related to SO2, provided there are known reference values for in vivo blood oxygenation (e.g. two-45 wavelength oximetry in the retina (Beach, et al., 1999) ). Unfortunately, for many applications there are 46 no known reference values. Absolute calibration-free oximetry may be achieved however, by 47 determining transmission of a vessel imaged at multiple wavebands, and fitting the measured 48 transmission values to a theoretical optical model. The model we employ here is based upon the 49 modified Beer-Lambert law, and includes optical absorption, scattering, and other parameters. In this 50 study we applied a multispectral oximetry algorithm which builds upon previous work by others 51 (Schweitzer, et al., 1995) . In addition, we introduce a contrast-reduction parameter 52 to account for the effects of variations in thickness of tissue overlying blood vessels and neighbouring 53 tissue (see Section 2.3). 54 55 56 Figure 1 . Molar extinction coefficients of oxygenated (HBO2) and deoxygenated haemoglobin (Hb) as 57 a function of wavelength (Prahl, 1999 A schematic of the multispectral microscope is displayed in Figure 2 . The microscope was designed 78 such that the back focal length of the objective allowed sufficient working space for access to the 79 exposed spinal cord of a rat under general anaesthesia. The microscope also enabled room for surgical 80 equipment and was portable so as to be transferred between labs if necessary. A low-magnification, 81
wide field-of-view system was implemented enabling oximetry of blood vessels across a range of 82 diameters, and multispectral images between 546 nm and 600 nm were acquired. 83
Illumination was provided by a white LED (MWWHL3, Thorlabs) with a collimator lens of focal length 84 40.0 mm (COP-5A, Thorlabs Six wavebands were selected for imaging: 546, 560, 570, 584, 590 and 600 nm. Sensitivity to changes 116 in SO2 was provided by the 560 nm, 590 nm and 600 nm wavebands. The 546 nm, 570 nm and 584 nm 117 wavebands were isosbestic, i.e. their absorptions are oxygen-insensitive (see Figure 1 ). These 118 wavebands provided close to optimal transmission for oximetry in vessels approximately 100 m in 119 diameter. Accurate oximetry is possible for 0.1 < T < 0.7 (Smith, 1999) , where T is the proportional 120 transmission of light propagated through the blood vessel. Wavelengths longer than 600 nm 121 areunsuitable, as light of this wavelength is weakly absorbed by oxygenated haemoglobin, resulting in 122 low contrast and hence sub-optimal transmission for accurate oximetry. Wavelengths below 546 nm 123 had poor signal-to-noise ratio due to the low intensity of the LED and the low transmission of the LCTF 124 at these wavelengths, and as such were also deemed unsuitable.
125
All image processing was implemented using custom algorithms in MATLAB. Images at each 126 waveband were co-registered to form a 6-waveband multispectral data-cube. Vessels were tracked 127 semi-automatically using user-defined control points. A vessel-profile fitting algorithm (see Figure 3 ) 128 was used to estimate vessel diameter at each waveband at each point along the veins. Diameter 129 estimation was based on the technique described by Fischer et al. (2000); this algorithm determines 130 edges of the vessel as the points of greatest gradient in the 546 nm line profile. From this, the diameter 131 of a vessel in pixels, and hence diameter in microns, could be determined. Transmission of vessels at 132 each wavelength was then determined by a second vessel fitting algorithm. To estimate background 133 intensity ( ), a linear fit (the red dashed line in Figure 3B ) was applied to points of the line profile 134 adjacent to the vessel. A second-order polynomial was fitted to the profile inside the vessel to estimate 135 the intensity at the centre of the vessel ( ) (the black dashed line, Figure 3B ). The transmission ( ) of 136 the vessel was then calculated by . 137
138
Only vessels meeting the following inclusion criteria were selected for tracking and oximetry analysis: 139 
166
where T is the experimentally measured transmission of a vessel as depicted in Fig. 3 , d is the 167 vessel diameter, CHbT is the molar concentration of total haemoglobin, and is the effective optical 168 extinction coefficient of haemoglobin; is dependent on both the oxygen saturation and 169 wavelength-dependent molar extinction coefficients and of oxygenated and 170 deoxygenated haemoglobin respectively. We used accepted values from the literature shown in Figure  171 1 (Prahl, 1999) . These values are derived from human blood, but it has been shown that the difference 172 between the absorption of light by haemoglobin in rats and humans is minimal (Zijlstra, et al., 1994) .
173
Defining c1 and c2 as proportional concentrations of oxygenated (HbO2) and deoxygenated (Hb) 174 haemoglobin respectively, (1) is rewritten as 175 176
(2) 177 where: c1 + c2 = CHbT, so c1 = CHbTSO2 and c2 = CHbT(1 -SO2), and SO2 is the oxygen saturation; in other 178 words, the proportion of oxygenated haemoglobin in the total solution of haemoglobin. It was also 179 necessary to introduce a parameter to account for the optical scattering properties of blood. (2) (average weight 180 g) were used for the control validation study. A laminectomy was performed under 214 2% isoflurane anaesthesia in room air, and the dorsal aspect of vertebral segment L1 was removed to 215 expose the cord for imaging. After surgery, the isoflurane was reduced to 1.5% for the remainder of the 216 experiment, including all imaging. Motion due to animal heart-beat and breathing can provide a 217 challenge for in vivo imaging, but surgical sutures were used to reduce loading of weight on the rat 218 ribcage and the spinous process rostral to the exposed cord was clamped in place using a modified 219 hemostatic clamp, minimising motion sufficiently for imaging. Similar strategies have been employed 220 in other studies which imaged the murine spinal cord (Johannssen & Helmchen, 2010 Figure 6 . Corresponding arterial values, as measured by the 248 pulse oximeter, are also presented. As expected, average baseline venous SO2 increased during 249 hyperoxia (67.8 ± 10.4% [mean ± standard deviation] increasing to 83.1 ± 11.6%), and returned to 250 baseline values during the second state of normoxia (67.4 ± 10.9%) and further decreased during 251 subsequent hypoxic periods (50.9 ± 15.5% and 29.2 ± 24.6% respectively). The differences in average 252 SO2 between consecutive oxygenation states were all statistically significant (p < 0.05, pairwise t-test), 253 with changes between normoxia 1 and hyperoxia, hyperoxia and normoxia 2, and normoxia 2 and 254 hypoxia 1 all highly significant (p < 0.01). The normoxia baseline SO2 values and changes due to FiO2 255 interventions are physiologically plausible (normal venous SO2 is typically ~70%), helping to validate 256 our multispectral oximetry algorithm. The results for venous SO2 for all individual animals are shown 257 in Figure 7 and Table 1 . Vessel diameter measurements for all animals are summarised in Table 2,  258 including results of a pairwise t-test between all diameter values at consecutive oxygenation states -259 which suggested no relationship between measured SO2 and vessel calibre. The scale bars represent 500 m. 265
Repeatability and inter-animal variability of measurements 266
Repeatability of measurements was assessed by performing three measurements of SO2 at baseline 267 normoxia for each individual rat, where physiological variations are expected to be minimal. The 268 average standard deviation of repeat measurements across all animals was ± 2.28% SO2. This deviation 269 is much lower than changes in SO2 observed due to variation of FiO2 -which was above 15% between 270 normoxia and hyperoxia, and even greater for changes between normoxia and subsequent states of 271 hypoxia. This indicated sufficient repeatability over individual vessels for ascertaining changes in SO2.
272
The changes in venous SO2 observed throughout the experiment were strongly correlated with 273 changes in arterial SO2, as measured by the pulse oximeter. The calculated Pearson correlation 274 coefficients r were 0.74, 0.79, 0.87, and 0.88 for each rat respectively (p < 0.01). There was, however, 275 considerable variation in average baseline venous SO2 between individual rats, ranging from 53% to 276 78% at normoxia. We did not find a correlation between this variation in venous SO2 and the baseline 277 arterial SO2 values. Some physiological variation is expected between rats due to potential differences 278 in depth of anaesthesia and the temperature of the exposed spinal cord (despite maintenance of rectal 279 temperature), both of which may affect venous oxygen saturation. We found that fluctuations in diameter for a given vessel between consecutive oxygenation states were 333 not statistically significant (see Table 2 ).
334
It is clear from measurement that our oximetry analysis provides physiologically plausible 335 values for SO2, is sensitive to changes in SO2, and is insensitive to vessel diameter. However, highly 336 accurate validation of our oximetry algorithm remains challenging in vivo. Whilst the correlations with 337 arterial pulse oximeter data go some way towards explaining the variability in baseline venous SO2, 338 verifying the absolute values produced by our technique is difficult. An option for an in vitro validation 339 study is to use whole ex vivo blood in transparent fluorinated ethylene propylene (FEP) capillaries, 340 placed on a diffuse white reflective background material such as Spectralon TM . In vitro validation 341 requires variation of SO2 in blood, generally achieved by addition of measured quantities of sodium 342 dithionite (Briely-Sabo & Bjornerud, 2000). However, sodium dithionite alters the osmolarity of blood 343 which affects optical properties, including scattering coefficients and anisotropy (Friebel, et al., 2010) .
344
The development of a more realistic phantom and an alternative method to artificially deoxygenate 345 whole blood, such as the use of nitrogen gas, would be beneficial and will be considered for future 346 studies (Ghassemi, et al., 2015 ) .
347
Many tributary vessels present in the images were too small (< 50 m) to meet our inclusion 348 criteria: such vessels absorb light too weakly for accurate oximetry with the wavelengths used. The imaging system and oximetry technique provides sufficient sensitivity to SO2 such that it 362 may be applied to the study of a variety of disease models where hypoxia may be a factor. The 363 preliminary results presented in this paper suggest that any significant changes in SO2 related to specific 364 pathological changes will be quantifiable, and it is hoped that future studies using this technique will 365 provide a deeper understanding of disease pathology. 
